Microalgae have been used to remove nitrogen, phosphorus, and chemical oxygen demand (COD) from brewery wastewater (BWW). The microalga Scenedesmus obliquus was grown on BWW, using bubble column photobioreactors that operated under batch and continuous regimes. For the first time, the cell physiological status cell membrane integrity and enzymatic activity was monitored during the microalgae based BWW treatment, using flow cytometry. All the cultivations batch and continuous displayed a proportion of cells with intact membrane > 87%, although the continuous cultivations displayed a lower proportion of cells with enzymatic activity (20-40%) than the batch cultivations (97%). The dilution rate of 0.26 day −1 was the most favorable condition, since the microalgae cultivation attained the maximum biomass productivity (0.2 g ash-free dry weight day
Introduction
The high organic load of effluents originated from different industries, namely those from the agro-food industries, is a major global environmental problem. The treatment of wastewater by municipal treatment plants represents a very significant cost to brewery operators. There are several technologies associated with the treatment of effluents derived from the agro-food industries, such as physical, chemical, or biological, to remove the organic and inorganic nutrients, such as nitrogen ammonia or nitrate, and phosphorus, as is the case of high rate ponds (Raposo et al. 2010; Mata et al. 2012) .
Effluents derived from the brewery sectors are rich in organic compounds, such as sugars, soluble starch, proteins, phosphates, ammonia, ethanol, and/or nitrate which are easily biodegradable. Bioremediation of such compounds using microalgae has proven to be proficient and economic method of wastewater treatment due to their adaptability of growing in various wastewater streams and also useful in the process of carbon dioxide fixation (Doria et al. 2012; Mata et al. 2014a, b; Jia et al. 2016) .
By removing nitrogen, phosphorus, and carbon from water, microalgae can help reducing eutrophication in the aquatic environment (Ruiz et al. 2011; Olguín 2003) and, are unique in sequestering carbon dioxide, one of the main contributors to the greenhouse effect. Moreover, microalgae can grow rapidly and in inhospitable conditions, using water unfit for human consumption and in land not appropriate for food production (Mata et al. 2010) . Indeed microalgae have already been applied for effluent treatment to remove nitrogen, phosphorus, and chemical oxygen demand (COD), from different types of effluents, including BWW (Batista et al. 2015; Gouveia et al. 2016; Barata et al. 2017) . Moreover, this technology has the competence of producing high added value products such as proteins and lipids, and biofuels as an alternative energy resource in the form of biodiesel, bioethanol, biohydrogen, and biogas (Batista et al. 2015; Umamaheswari and Shanthakumar 2016) .
BWW may contain low levels anti-microbial compounds added to kill bacteria known as Bbiocides,^depending on what cleaners and other materials the brewery uses. Therefore, it is crucial to monitor the microalgal cells physiological status during the BWW treatment, as a high number of dormant or dead cells during the cultivations will not participate in the biotransformation i.e., the wastewater treatment, reducing the treatment efficiency. As far as the authors know, there are no published works describing the microalgae cell physiological status and cell viability during BWW treatment.
The present work studied brewery industry effluents treatment using Scenedesmus obliquus. For the first time, the physiological status of the microalgal cells was evaluated during the brewery effluent treatment using flow cytometry (FC). It was evaluated of the presence of proteins and fatty acids in the microalgal biomass.
Materials and methods

Microalgae
In this study, four strains of green microalgae, Scenedesmus obliquus (ACOI 204/07, Coimbra University-Culture Collection, Portugal), Chlorella vulgaris INETI 58, 90 LNEG_UB, Portugal), Chlorella protothecoides strain 25, UTEX Culture Collection, Austin University, Texas, USA), Neochloris oleoabundans UTEX #1185, UTEX Culture Collection) were used to degrade BWW. In addition to the monocultures, a consortium (Cons) isolated from the urban wastewater (Águas da Figueira) that included different genera such as Chlorella, Scenedesmus, Chaetophora, and Navicula and naturally present in this wastewater (Batista et al. 2015) was also used. This consortium was isolated by using the urban effluent to which a rich culture medium was added, to potentiate the growth of the present microalgae.
These microalgae were maintained in standard liquid media, in an incubator New Brunswick Scientific Co. Inc., USA) at 25°C, under an agitation speed of 120 rpm and continuous illumination delivered by four fluorescent lamps (Philips 18 W), providing an average light intensity of 14.85 μmol photons m −2 s −1 (measured with a Phywe Lux-meter).
Medium for the inoculum
The two Chlorella strains were maintained in an organic medium containing per liter: Both media were autoclaved at 121°C for 20 min before inoculation. In order to prevent the precipitation of complexes due to the high temperatures in the autoclaving process, KH 2 PO 4 and NaHCO 3 were autoclaved separately and mixed under aseptic conditions after cooling.
Effluent
The secondary brewery effluent for the growth of the microalgae was collected from the anaerobic digester BIOPAQ®IC from the Vialonga Factory of SCC-Sociedade Central de Cervejas e Bebidas, S.A., Portugal. The effluent was stored in a refrigerating chamber at + 4°C allowing settling down, until needed for use as the algal cultivation medium, after adjustment to room temperature after being characterized (Table 1) . Only the clear and uncolored supernatant was used. The wastewaters from SCC were characterized in terms of pH, COD, nitrogen (ammonia and 'Kjeldahl nitrogen^), and phosphorous. The pH measurement was performed using a laboratory pH meter (InoLab WTW). The COD was determined according to the standard method 5220 B (APHA 1998). The ammonia nitrogen was quantified by titration after a preliminary distillation step based in standard methods 4500-NH3 B and C (APHA 1998).
The BKjeldahl nitrogen^(N) was determined by a modified Kjeldahl method adapted from the standard method 4500-Norg B (APHA 1998). A commercial kit for phosphorous (P) determination has been used (also called orthophosphate) Phosver 3 (ascorbic acid) method using Powder Pillows (Cat. 212599) in a HACH DR/2010 spectrophotometer. All of these analyses were performed in duplicate.
Microalgae cultivations
Flask experiments
One-liter Erlenmeyer flasks containing 100 mL effluent were inoculated with microalgal inoculum under the same growth conditions as the inoculum. The flaks were closed with cotton plugs, allowing air diffusion. The volume of inoculum was calculated in order to obtain an initial concentration around an OD 540nm of 0.1 measured against effluent and the inoculation was performed in non-sterile conditions. The assays were conducted until the stationary phase was reached. All experiments were performed in duplicate and the effluent without microalgae inoculation of the microalgae was used as control.
Photobioreactor cultivations
Batch mode
A 5-L polyethylene terephthalate (PET) bottle was used as a bubble-column photobioreactor (PBR) to grow S. obliquus in batch mode, indoors, in the laboratory. The PBR has a diameter of 14 cm and 34 cm in height.
The inoculum was a microalgal culture grown in a 250-mL Erlenmeyer flask on Bristol medium in an incubator, until it reached an optical density of OD 540 nm~1 .2.
The PBR was inoculated with 160 mL of inoculum culture and the working volume was completed up to 4 L (dilution factor = 1:25) with effluent without any supplementation or pre-treatment. An aquarium Elite air diffuser (Hagen) was used for air supply and agitation. The culture was illuminated continuously with an average light intensity 43.20 μmol photons m −2 s −1 (measured with a Phywe Lux-meter), supplied by three fluorescent lamps (Philips 36 W) assembled on one lateral side of the PBR. The assay was conducted until the stationary phase. A parallel PBR was operated as a control, in the same conditions, but only with effluent without inoculation. Culture samples were collected 2-3 times a day (except weekends) for OD readings to evaluate the microalgae growth. The stationary phase was reached whenever the cell growth parameters attained constant values after consecutive samplings along the experiment time course. In the end of the experiment, flow cytometry analyses were performed. From 1.5 L of culture, the microalga biomass was harvested for characterization and evaluation of the efficiency of the wastewater treatment (nutrient removal).
Continuous mode
Six-liter PET bottles with 14 cm diameter and 40 cm in height were used as bubble-column PBRs to grow S. obliquus in a continuous mode in the laboratory. In order to test six different residence times (τ), was designed a continuous photobioreactor system that consisted in six PBRs one for each residence time, placed in parallel, associated to a 20-L polycarbonate carboy containing the effluent. The effluent was fed to each one of the PBRs by a silicone rubber tube attached to a glass tube immersed in the effluent on the carboy. The outlet stream (overflow) was collected in plastic containers by silicone rubber tubing fixed in an opening in each of the PBR. As in the batch mode, it was used the effluent collected from SCC. The effluent was let to settle 24 h in the dark at room temperature and the upper layer was then separated for characterization and use as the algal culture medium for the production of S. obliquus in continuous mode.
This step was necessary to allow settling of the suspended materials that could origin clogging problems in the feeding tubes, as it is necessary a very small diameter to guarantee low feed flow rates tested in this experiment.
The inoculum was a microalgae culture grown in batch mode in a PBR, until it reached an OD 540nm~3 .5. To startup, the PBRs were inoculated with 550 mL of inoculum culture each and 4 L effluent and were operated in batch mode. Once the culture started to stabilize, the operational feeding mode was switched from batch to continuous, feeding effluent to each PBR. The carboy was covered with aluminum foil to prevent the light from reaching the effluent, in order to avoid the growth of photosynthetic organisms. The working volume of 5 L was maintained by overflow of the culture once the liquid reached the desired level leading to the withdrawal of culture via the silicone rubber tubing.
Microalgae growth and wastewater treatment were evaluate as a function of residence time (τ)/dilution rate (D). Six τ were tested in parallel: 2. 26, 3.85, 5.58, 7.55, 9. 46 , and 11.8 days. Another residence time was tested (1.72 day), in order to draw a conclusion about the dilution rates that the microalga can withstand before occurring washout. This last residence time was tested in the PBR used for τ = 3.85 days after the biomass harvest, more volume of effluent was added till the overflow level was reached and the PBR was operated Table 1 Characterization of the filtered supernatant, after biomass recovery, for the PBRs cultivations (batch and continuous mode) using brewery wastewater The values of the Table ( N-NH 3, Kjeldahl N, PO 4 3− , P-PO 43-, and COD) are affected by an error that corresponds to the standard deviation calculated from two measurements of each value from two independent samples (n = 2) a Legislation-Decree-Law no. 236/98 (PT) in batch mode and then in continuous, when the culture started to stabilize, as described before.
The different feeding rates were controlled manually using Hoffman tubing clamps. In order to minimize fluctuations in the flow rates, the liquid level on the carboy was maintained, replacing the effluent every day with fresh effluent. However, due to a manual control, some variations occurred. Therefore, mean values were used and feed rates were calculated by two different ways. On labor days, the volume of effluent fed to the PBR in a certain time interval was measured several times a day. On weekends, the rate was estimated by measuring the volume of the outlet stream (which is practically the same as the inlet rate, due to continuous mode) that was collected during that period. Finally, the feed rate was calculated as the mean of all of these values. The residence times were then calculated using Eq. (1).
where V is the photobioreactor volume (L) and
) is the mean value of flow rate.
The conditions of aeration, mixing and lighting were the same as those of the batch system. Samples were collected two times a day (except weekends) from the PBRs to evaluate the microalgae growth. When a steady state was achieved, flow cytometry analyses, biomass concentration, and measurement of chlorophyll a content were quantified. 2-2.5 L was collected to harvest the biomass for further characterization and evaluation of the efficiency of the wastewater treatment. The steady state was considered to be established when three consecutive OD readings provided the same value (usually after 3-5 turnovers (residence times)).
Growth
In batch mode, the biomass concentration was measured by optical density readings at 540 nm (OD 540 ) and by determination of ash-free dry weight AFDW). A correlation between OD 540nm and ash-free dry weight AFDW) for C. vulgaris, C. protothecoides and S. obliquus given by the following expressions: The AFDW was determined by filtering the samples through a Whatman GF/C 25 mm filter of 1.2 μm pore size, drying overnight at 105°C and then for 1 h at 550°C. AFDW was calculated by dividing the subtraction of the filter weights before and after drying at 550°C by the filtered culture volume.
In continuous mode, the growth of the microalga was monitored two times a day (except weekends) by reading the OD 540nm , in duplicate, against water. It was also determined the AFDW, as described before, in the day of the inoculation and then when the culture was stabilized (according to the OD 540nm readings).
Biomass and supernatant recovery
The collected culture was allowed to settle in graduated cylinders. The supernatant was recovered and filtered through a 47-mm cellulose nitrate filter of 0.45 mm pore size (Sartorius). The concentrated biomass was centrifuged at 10000 rpm for 10 min at 15°C (Heraeus multifuge 3SR+ centrifuge, Thermo Scientific) and freeze-dried (Heto Power Dry LL3000, Thermo Scientific). Both filtered supernatant and freeze-dried biomass were kept in the freezer, for further characterization.
Microscopic observations
The culture samples, after the steady state was reached, were observed by an optical microscope Olympus BX 60) with increasing lens magnification from 40× and 100× (oil immersion lens).
Microalgae viability and esterase activity
Multi-parameter flow cytometry was used to assess the microalgal cell viability and enzymatic activity using a FACSCalibur flow cytometer (Becton-Dickinson Instruments, Belgium), equipped with a blue laser (488 nm) and a red laser (650 nm). Cytograms were analyzed with CellQuestPro software. Samples were pre-treated in an ultrasound bath for 10 s to tear apart possible cell aggregates. The cell suspension and buffer volumes were adjusted to 300-400 events s −1 and the final volume was 500 μL. FC analysis was performed at regular intervals to assay cell status in terms of enzymatic activity and membrane integrity. The flow cytometric method using the fluorescent stain carboxyfluorescein diacetate (CFDA) (or similar) to detect enzymatic activity in microalgae cells is well established (Franklin et al. 2001 , Xiao et al. 2011 Fan et al. 2013; Hyka et al. 2013; Olsen et al. 2016) . In this work, CFDAwas used according the method described by Franklin et al. (2001) with modifications. CFDA is a cell-permeant non-fluorescent uncharged molecule, which diffuses passively into the cells. Once within active cells, the CFDA substrate is cleaved by non-specific esterases, releasing a polar fluorescent product that is retained inside cells with intact membranes. In this situation, under blue light excitation cells emit fluoresce green, being detected in the FL1 channel (Franklin et al. 2001; Xiao et al. 2011; Olsen et al. 2016) . Retention of the dye inside the cell indicates functional cytoplasmic enzymes and membrane integrity, while injured or dead cells do not stain because they lack enzyme activity and CFDA diffuses freely through damaged membranes (Silveira et al. 2002) . To determine whether reduction of CFDA fluorescence is due to membrane disruption (i.e., reduced uptake of the dye) or inhibition of intracellular esterases, cells were also stained with the nucleic acid stain, propidium iodide (PI) (Franklin et al. 2001; Xiao et al. 2011) . The flow cytometric method using PI to detect microalgae cell membrane integrity has been extensively used (Cid et al. 1996; Franklin et al. 2001; Gonzalez-Barrero et al. 2006; Rioboo et al. 2009; Adler et al. 2007; Davey 2011; Hyka et al. 2013) . PI only enters cells with damaged membranes staining nucleic acids; thus, PI can discriminate between live, viable (non-fluorescent, PI -) cells, from nonviable cells (i.e., fluorescent, PI +) cells. PI is excited at 488 nm and emits at a maximum wavelength of 617 nm, being detected in the FL2 or FL3 channels.
Enzymatic activity was measured by detection of esterase activity with CFDA. Samples were diluted with MCI buffer, stained with 5 μL of CFDA and incubated in darkness for 40 min prior to analysis. CFDA was excited at 488 nm and detected by FL1 channel. The enzymatic activity of microalgal cells was expressed as the percentage of active (stained) cells in the total amount of cells analyzed.
Samples were diluted with phosphate buffer solution (PBS, pH 7.0) and stained with 4 μL of PI stock solution (Invitrogen, USA). PI was excited at 488 nm and detected by FL2 channel. The membrane integrity of microalgal cells was expressed as the percentage of non-stained cells in the total amount of cells analyzed.
Forward scatter (FSC), side scatter (SSC), and fluorescence signals were plotted in a logarithmic scale and data were analyzed with Cellquest software. Average FSC, SSC and fluorescence signals, and population percentages were calculated using the free data analysis flowing software. Sample autofluorescence was also determined to establish a baseline control regarding the stained samples analysis. The microalgae cell population was discriminated from the background based on the forward scatter (FSC) versus chlorophyll fluorescence (FL3) plot. All FC analyses were performed in duplicate.
Quantification of chlorophyll a content
Microalga culture samples (2 mL) were first concentrated by centrifugation for 10 min at 3900 rpm (Sigma 2-6E, Sartorius). Two milliliter of acetone (99.5%, SigmaAldrich) and glass beads was added to the tube and extraction was performed by submitting the mixture to vortex during 2 min, followed to 2 min in an ice bath. This procedure was repeated three times, then the mixture was centrifuged at 3900 rpm for 20 min and the supernatant collected. The extraction was carried out until a colorless supernatant was obtained. All the tubes were covered in aluminum foil to prevent pigment degradation derived by light. The total liquid phase collected was quantified.
Chlorophyll a (Chl a) was quantified by spectrophotometry (Hitachi U-2000), measuring the optical densities at 630, 647, 664, and 691 nm. The calculation was performed using the following equation (Ritchie 2008 Chl a concentration was then calculated using the following expression: ). The quantification was made in duplicate for all the samples.
Biomass fatty acid composition
Fatty acid composition of microalgal biomass samples was analyzed, in duplicate, by gas chromatography (GC). Before GC analysis, the fatty acids were transesterified by the method of Lepage and Roy (1986) with modifications.
In Pyrex tubes with Teflon liner screw caps, to a 100 mg of freeze-dried microalgae were added 2 mL of a methanol/acetyl chloride (95:5 v/v) mixture and 0.2 mL of heptadecanoic acid in petroleum ether 60-80°C (5 mg mL −1 ) as internal standard solution. The mixture was heated in 80°C for 1 h and was let to cool to room temperature before being diluted with 1 mL of water and 2 mL of n-heptane. The tubes contents were let to stay till separation of the phases. The upper layer was recovered, dried over anhydrous Na 2 SO 4 , filtered, in glass Pasteur pipettes, and collected in vials, thus obtaining the fatty acid methyl ester (FAMEs) ready for injection or to be stored at − 18°C prior to use. FAMEs were analyzed in a CP-3800 GC (Varian, USA) equipped with 30 m Supelcowax 10 capillary column (film 0.32 μm) with helium as carrier gas at a constant rate of 3.5 mL min . Injector and detector (flame ionization) temperatures were 250 and 280°C, respectively. The split ratio was 1:50 for 5 min and 1:10 for the remaining time. The column temperature program started at 200°C for 8 min, increased at 4°C min −1 until 240°C and held for 16 min. Fatty acid composition was calculated as percentage of the total fatty acids present in the sample, determined from the peak areas.
Quantification of biomass protein content
The Kjeldahl nitrogen present in the microalgae biomass was determined by a modified Kjeldahl method, using 200 mg of freeze-dried microalga. Protein content was calculated by multiplying Kjeldahl nitrogen by the conversion factor of 5.95 (López et al. 2011 ).
Results and discussion
Preliminary microalgae selection for the BWW treatment
Four microalgae strains (C. vulgaris (Cv), C. protothecoides (Cp), S. obliquus (So), and N. oleoabundans (No)) and the consortium (Cons) were tested in 250-mL Erlenmeyers containing brewery effluent, in order to select the microalga that showed the highest biomass concentration.
No and Cons showed the worst results in terms of growth in the BWW, comparing to Cv, Cp, and Sc treatment ( , respectively) and So achieved the highest value (1.56 g L −1 AFDW).
The poor behavior of the consortium could be explained by the competition between the different microalgae genera. In fact, Chlorella strains, which are present in the population of Cons, are very competitive, for example with Scenedesmus (also included in the consortium) and are capable of biocidal activity against microorganisms (Hong et al. 2014 ). Therefore, Chlorella may compromise the growth of other microalgae and, by using part of their energy for competition, its own growth can also be compromised.
Based on these preliminary results, S. obliquus was selected for further BWW treatment experiments.
Preliminary flow cytometric controls
To demonstrate the possibility of using flow cytometry to monitor S. obliquus cell physiological status during the BWW treatment, it was essential to carry out several preliminary positive (using exponential growing cells) and negative controls (using heat-treated cells). These were then used for further comparison with data obtained for S. obliquus growth on the BWW.
Scenedesmus obliquus exponentially growing cells were killed, having been incubated in a boiling water bath for 10 min (heat-treatment) before the FC analysis.
The chlorophyll pigment is excited at 480 nm and emits fluorescence at the wavelength of 670 nm, being detected in the FL3 detector of the BD FACSCalibur detector. Therefore the microalgal autofluorescence due to the chlorophyll presence and other pigments allow microalgal particle discrimination from the background in flow cytometric analysis. On the other hand, FSC signals gives information on cell size (Hyka et al. 2013) . Figure 2a , d shows the FL3 and FSC density plots concerning S. obliquus exponential cells (Fig. 2a) and S. obliquus heat treated cells (Fig. 2b) . The FSC signals slightly increased after the heat-treatment (before the heat-treatment FL3 = 87.6; after the heat-treatment, FL3 = 109.2), indicating that S. obliquus cells expanded as a result of the cell membrane permeabilization or disruption. Indeed it has been reported cell swelling due to cytoplasm swelling after an acute heat shock on microalgae cells (Jiménez et al. 2009 ). The FL3 signal was drastically reduced before the heat-treatment FL3 = 87.36; after the heat-treatment, FL3 = 9.78), as a result of the effect of the heat on the pigment structure, degrading it (Fig. 2a, d) . Figure 2b , e shows S. obliquus cells stained with CFDA, before and after the heat-treatment. As expected, exponential Bhealthy^cells were stained with CFDA, while heat treated cells were not. The opposite was observed when staining the cells with PI, as cells with intact membrane were not stained with PI (Fig. 2c) while cells with damaged membrane were stained with PI (Fig. 2f) .
These preliminary control experiments demonstrated that the CFDA stain in association with flow cytometry can differentiate S. obliquus cells with enzymatic activity, from those that have their enzymatic system affected. PI also allowed distinguishing cells with an intact membrane from those with permeabilized membrane. Photobioreactor batch cultivation Figure 3a shows S. obliquus AFDW and ln AFDW profiles during the bath growth in the 6 L-photobioreactor. The maximum specific rate attained by the culture was 0.065 h −1
(1.5 day −1
) which was more than 10 times higher than the value reported by Raposo et al. (2010) ) was found by Mata et al. (2012) for S. obliquus, using synthetic BWW. Furthermore, Kong et al. (2012) achieved a significantly smaller biomass production, using Botryococcus braunii in this type of effluent. However, better results regarding biomass concentration and productivity were achieved by Darpito et al. (2015) for the cultivation of C. protothecoides in anaerobically treated BWW.
The flow cytometric analysis of S. obliquus cells taken at the stationary phase (t = 286 h) revealed that most of the cells was metabolically active, as the proportion of cells with enzymatic activity (PCEA) was 97% (Fig. 3b) and the proportion of cells with intact membrane PCIM) was 99.3% (Fig. 3c) . These results confirmed that, despite the specific growth rate slowed down after f = 75 h, cells did not suffer any stress or experience adverse conditions at that stage.
Photobioreactor continuous cultivation
The biomass (AFDW) concentration and productivity as a function of dilution rate are shown in Fig. 4a .
The highest biomass concentration was obtained at lower dilution rates (0.08 day −1 < D < 0.13 day ) very similar to the AFDW observed for D = 0.08 day
). AFDW was drastically reduced from 0.86 ± 0.09 to 0.31 ± 0.02 as dilution increases from 0.26 to 0.44 day
. This decrease in biomass concentration is predicted in the literature (Teixeira et al. 2007) , also presented by Tang et al. (2012) , who reported a decline in the biomass productivity for D higher than the optimal value. Increasing biomass productivity was found . The density plots concerning the enzymatic activity flow cytometric analysis of cells taken at each D (Fig. 4b(a-f) ) revealed that the PCEA increased attaining its maximum at D = 0.13 day −1 (64%, Fig. 4b(c) ), decreasing afterwards until
, reaching the lowest value (56%, Fig. 4b(f) ). The lower PCEA observed at low D could be due to the starvation conditions that the cells experienced. On the other hand, PCIM attained higher values than PCEA, and was always above 87% over the D range (Fig. 4b(g-l) ; Fig. 5a ), which indicated that, for higher D, although most of the microalgae cells could maintain their cytoplasmic membrane intact, their enzymatic system was affected by increasing D. In addition, PCEA and PCIM detected at the end of the batch growth were higher than the PCEA and PCIM observed during the continuous mode (Figs. 3 and 5a) . In fact, while cells were inoculated in the medium culture (BWW) at the beginning of the batch experiment, allowing their adaptation to the BWW which contains inhibitory compounds and consuming the nutrients over time, during the continuous mode, the microalgae culture was continuously fed with BWW and, once the steady state was reached, the nutrients and inhibitors concentrations were constant, which could explain the lower PCEA and PCIM proportions observed for the continuous mode. For higher D, the biomass concentration decreased (Fig. 4a) due to the fact that S. obliquus cells were not able to consume the nutrients at the rate that the BWW was being supplied, and probably were unable to adapt to the inhibitory The error bars represent the standard deviation of two AFDW measurements from two independent samples (n = 2) compounds present in the BWW continuously supplied, which may explain the decrease in the PCEA observed for D > 0.13 day −1 (Fig. 5a ). These flow cytometric results highlights the differences between the batch and mode regimes in the cell physiological status, when treating BWW with microalgae. As far as the authors are aware, this is the first work reporting the microalgae cell physiological status during brewery effluent biological treatment. Veloso et al. (1991) stated that the value of the Chl a/ AFDW ratio was found to be a simple and a characteristic indicator of the culture state. A value of less than 1% means imminent population crash, which may be to a predator or to a lack of nutrients. Figure 5b shows that all ratio values are higher than 1%. For batch regime, a Chl a/AFDW ratio of 1.58 ± 0.10% was obtained. For the continuous trials, the lowest value was 2.77 ± 0.04% at D = 0.26 day . Therefore, according to the Chl a/AFDW ratios, imminent population crash was not expected. Indeed this information is supported by the flow cytometric data, as above described, as a high proportion of cells with intact membrane was found for the bath and continuous cultures.
Wastewater treatment evaluation
The results of the brewery effluent characterization after treatment and maximal removal rates are depicted in Table 2 . The results regarding ammoniacal and total Kjeldahl nitrogen, phosphorous, COD and pH were compared to emission value limits (EVLs) of the Portuguese legislation (Decree-Law no. 236/98), to assess the possibility of discharging the treated effluent in water flow. The Kjeldahl nitrogen was considered to be the total nitrogen present in the treated effluent.
Batch culture and continuous culture at D = 0.26 day −1 presented the best wastewater treatment. S. obliquus batch experiment attained a 75% removal for total Kjeldahl nitrogen, 43% for phosphorous and 70% for COD. On the other hand, at D = 0.26 day
, slightly higher removal rates for COD and N were reached (74 and 76%, respectively), but the removal of P was not so efficient (23% removal).
Removal of N ranged from 65 to 76%, which is much higher than the results obtained by Mata et al. (2012) : 11-24%, but lower than those reported in the work of Darpito et al. (2015) , where a removal above 85% was achieved. It the AFDW curve represent the standard deviation of two AFDW measurements from independent samples (n = 2); the error bars of the productivity curve were derived from the AFDW errors must be highlighted that the microalga did not consume the entire N. Ammonia is easily removed by out-gassing to the atmosphere, due to the high pH, which shifts the equilibrium in favor of NH 3 (Martinez et al. 2000) . Indeed, a near complete removal of ammonia was reached for batch mode and the lowest dilutions. Phosphorous removal rates were always lower than those observed for N removal, ranging from 9 to 43%. These results are lower than those attained by Darpito et al. (2015) who reported more than 90% removal, and Raposo et al. (2010) reported 54-66%. For cultures grown under continuous mode, the removal of P was significantly lower than in batch mode.
In continuous mode, McGinn et al. (2012) achieved a better wastewater treatment by Scenedesmus sp. AMDD cultivated in municipal wastewater effluent in bath and continuous mode, reporting an almost complete N and P removal in a very short retention time (1.33 day).
Concerning COD removal, removal rates from 55 to 74% were obtained, which are in accordance with the results by Mata et al. (2012) and Batista et al. (2015) , wherein a maximum of 66.8% removal was achieved.
These results support those shown in Fig. 5b . In fact, the dilution rates displaying higher Chl a/AFDW ratios (3.08 and 2.77 at D = 0.11 day −1 and D = 0.44 day −1 , respectively)
showed lower COD removal rates (55 and 57%, respectively), whereas the dilution rate displaying lower Chl a/AFDW ratios (1.5 at 0.26 day
) had a higher COD removal rate (74%). Higher Chl a/AFDW ratios (> 1.5) indicated that cells are grown under optimal phototrophic conditions, while lower Chl a/AFDW ratios (1 < Chl a/AFDW < 1.5) revealed that cells are deprived from a nutrient that without it cannot to carry out the photosynthetic function, being forced to activate the heterotrophic nutritional mode to survive. As a result, cells will take up organic carbon as the energy source, which explains the highest COD removal rate observed at D = 0.26 day −1 . Table 2 shows that all the conditions presented results that meet the requirements described by the legislation, proving that S. obliquus growing in this PBR system allows the proper BWW treatment.
Considering that the objective of the BWW treatment is also to produce microalgae biomass, the culture at D = 0.26 day −1 (τ = 3.85 days) was the most favorable condition, since the maximum productivity was obtained at that D (224.30 mg L −1 day
), the total nitrogen and COD removals were the highest and phosphorous removal was the third best.
Biomass composition
The results obtained for the biochemical characterization of microalgae biomass after treating the effluent are presented in Table 3 .
The continuous mode proved to be advantageous regarding the protein content in the produced biomass, since the minimum content was obtained for the culture in batch mode (21.15%). The highest protein content (50.09%) was found for D = The error bars represent the standard deviation of two PCEA and PCIM readings from two independent samples (n = 2). b Chl a/AFDW ratios along the dilution rates range studied. The error bars represent the standard deviation calculated from two Chl a/AFDW readings, from two independent samples (n = 2) The productivity values are affected by an error that correspond to the standard deviation calculated from two AFDW measurements from two independent samples (n = 2) 0.26 day
, which is the optimal value for biomass productivity. This result is within the range presented by Becker (2007) for S. obliquus. All the protein content values obtained in the continuous mode were higher than the ones reported by Batista et al. (2014) : 20.4%, using Bristol medium; Gouveia et al. (2016) : 32.7% using urban wastewater and by Hodaifa et al. (2008) : 30.8%, using wastewater from olive-oil extraction.
The fatty acid profile and content in microalgae biomass grown under different dilution rates are shown in Table 3 . The fatty acids are typically found in any Chlorophyceae and Scenedesmus in particular. The contribution of linolenic acid (18:3ω3) to the total fatty acids is above the maximum allowed for compliance with the European Norm EN 14214 (EN, 2004) , 12% w/w, which means that these oils cannot be transformed in biodiesel unless blended with a more saturated oil such as palm oil, for instance. On the other hand, the fatty content in biomass was low ranging from 5.9 to 9.2% w/w, regardless the dilution rate, suggesting other conversion pathways and final biofuels besides FAMEs as the most adequate options for such biomass.
Conclusions
Using the microalga S. obliquus, the performance of the PBRs operated in batch and continuous mode was interesting, as the brewery wastewater treatment was efficient, even at low residence times (~2 days). The resulting treated effluent is in accordance to the environmental legislation (Decree-Law 236/98) and therefore the water could be discharged in water flow. Thus, brewery wastewater treatment by S. obliquus can be done either on a secondary or a tertiary phase of the treatment, combined with other treatment technologies.
The continuous mode proved to be advantageous regarding biomass productivity, chlorophyll and protein content. Using this feeding mode, at some dilution rates, the N and COD removal were even higher than for the batch mode. Combining the wastewater treatment with biomass productivity and quality, and also cell viability, culture at D = 0.26 day −1 was the best option.
As a high protein content was observed in the S. obliquus biomass after the BWW treatment, a possible strategy to biomass valorization could be in animal feed industry in a really circular economy platform.
